Modification of AMPA receptor function is a major mechanism for the regulation of synaptic transmission and underlies several forms of synaptic plasticity. Post-translational palmitoylation is a reversible modification that regulates localization of many proteins. Here, we report that palmitoylation of the AMPA receptor regulates receptor trafficking. All AMPA receptor subunits are palmitoylated on two cysteine residues in their transmembrane domain (TMD) 2 and in their C-terminal region. Palmitoylation on TMD 2 is upregulated by the palmitoyl acyl transferase GODZ and leads to an accumulation of the receptor in the Golgi and a reduction of receptor surface expression. C-terminal palmitoylation decreases interaction of the AMPA receptor with the 4.1N protein and regulates AMPA-and NMDA-induced AMPA receptor internalization. Moreover, depalmitoylation of the receptor is regulated by activation of glutamate receptors. These data suggest that regulated palmitoylation of AMPA receptor subunits modulates receptor trafficking and may be important for synaptic plasticity.
Introduction
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system. The ionotropic glutamate receptors (GluRs) are classified into several groups, namely, AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionate), KA (kainate), δ (delta), and NMDA (N-methyl-D-aspartate) receptors. The AMPA receptor is a ligand-gated cation channel that mediates the fast component of excitatory postsynaptic currents in the central nervous system. The AMPA receptor consists of four types of subunits, GluR1, GluR2, GluR3, and GluR4 (Hollmann and Heinemann, 1994) . However, in contrast to AMPA receptor-interacting proteins, palmitoylation of AMPA receptor subunits has not been investigated. Here, we show that all four types of AMPA receptor subunits GluR1-GluR4 are palmitoylated at two sites on their transmembrane domain (TMD) 2 and C-terminal domains. TMD 2 palmitoylation is increased by the palmitoyl acyl transferase GODZ and causes accumulation of the receptor in the Golgi apparatus. Palmitoylation on the C-terminal domain inhibits its interaction with the 4.1N protein, which has previously been shown to stabilize AMPA receptor expression on the cell surface (Shen et al., 2000) . Mutation of these C-terminal palmitoylation sites increases GluR1 association with the 4.1N protein and inhibits the regulated endocytosis of AMPA receptors. Finally, depalmitoylation of the AMPA receptor in neurons is regulated by glutamate treatment. These data suggest that palmitoylation may play important roles in the postsynaptic trafficking of AMPA receptors and in the regulation of excitatory synaptic transmission. 
Results
Palmitoylation of the AMPA Receptor Subunits GluR1-GluR4 in Their C-Terminal Regions Many proteins are post-translationally palmitoylated and regulated in the cell. Protein palmitoylation is regulated by the balance of palmitoyl acyl transferase (PAT) and palmitoyl thioesterase (PTE) activities in vivo. To test whether AMPA receptor subunits were palmitoylated, we transfected AMPA receptor subunits GluR1 or GluR2 into HEK 293T cells and metabolically labeled these HEK 293T cells with [ 3 H]palmitic acid. Metabolic labeling showed that both GluR1 and GluR2 were palmitoylated in HEK 293T cells ( Figure 1A) . The GluR6 kainate receptor subunit, which was previously reported to be palmitoylated (Pickering et al., 1995) Figure 1B) . The [ 3 H]palmitate labeling of these AMPA receptor subunits was eliminated by treatment with hydroxylamine and not by Tris-HCl buffer, indicating that the labeling was due to palmitoylation at cysteine residues via thioester bonds. Next, we determined the site of palmitoylation using site-specific mutagenesis. One cysteine is conserved in the C-terminal intracellular region of all of the AMPA receptor subunits in the juxtamembrane region just past TMD 4 (GluR1-Cys811; GluR2-Cys836; GluR3-Cys841; GluR4-Cys817 ( Figure 1C ). To test whether this cysteine was the site of palmitoylation, we generated four AMPA receptor subunit mutants, GluR1C811S, GluR2C836S, GluR3C841S, and GluR4C817S, in which cysteines were replaced with serines. Labeling experiments with [ 3 H]palmitic acid showed that these CS mutants were not palmitoylated, whereas the wild-types of all four AMPA receptor subunits were palmitoylated in transfected HEK 293T cells ( Figure 1D ). These data indicated that the AMPA receptor subunits GluR1-GluR4 were palmitoylated on cysteine residues within a homologous C-terminal region just after the TMD 4. Figure  2A) . Moreover, although mutation of GluR2 on C836 (GluR2C836S) eliminated the palmitoylation of GluR2 in the absence of GODZ expression, this mutation did not eliminate palmitoylation of GluR2 in the presence of GODZ expression (Figure 2A ), indicating that palmitoylation of an additional site was increased by GODZ. There is only one other intracellular cysteine residue in GluR2 (GluR2C610), which, interestingly, is located just past TMD 2, the ion channel-forming region of the receptor subunit ( Figure 2B ). This site is just three amino acids past the Q/R editing site that is critical for regulation of ion channel function (Hollmann and Heinemann, 1994 ). This cysteine is also conserved on GluR1-4 (GluR1C585, GluR2C610, GluR3C615 and GluR4C611) ( Figure 2B ). To test whether palmitoylation of this site is regulated by GODZ, we generated a double mutant in which both GluR2C610 and GluR2C836 were mutated to serine residues (GluR2C610SC836S) and coexpressed them with GODZ. Labeling experiments with [ 3 H]palmitic acid showed that the double mutant GluR2C610SC836S was not palmitoylated, although the single mutant GluR2C836S was palmitoylated in the presence of GODZ expression ( Figure 2C ). Similar results were obtained for the GluR1CS mutant in its C-terminal region (GluR1C811S) and for the GluR1 double CS mutant containing mutations in both the TMD 2 and C-terminal region (GluR1C585SC811S) (Figures 2D and 2E) . Namely, GluR1C811S was palmitoylated by GODZ ( Figure 2D . We therefore made an analogous aspartate-histidine-histidine-serine (DHHS) mutant in GODZ and measured its PAT activity for AMPA receptor subunits. This GODZ DHHS mutant lost its PAT activity for the cysteines on TMD 2 of GluR2C836S (Figure 2F) and GluR1C811S ( Figure 2G ) in transfected HEK 293T cells. GODZ protein has an autopalmitoylation activity in transfected HEK 293T cells, and the DHHS mutant lacked the activity ( Figure S1 in the Supplemental Data available with this article online), confirming that these mutations inhibit GODZ activity.
Palmitoylation of the AMPA Receptor in its

Functional Assembly of GluR1/GluR2 CS Mutants
The physical and functional assembly of wild-type and CS mutants was examined in transfected HEK 293T cells using biochemical ( Figures 3A and 3B ) and electrophysiological ( Figure 3C ) techniques. First, GluR1 wild-type and GluR2 wild-type, GluR2C610S, or GluR2C836S were cotransfected into HEK 293T cells, and GluR1/GluR2 association was examined by coimmunoprecipitation with anti-GluR1 antibodies from cell lysates for each combination ( Figure 3A) . The result showed that mutation of both palmitoylated cysteines on GluR2 (C610S and C836S) had no effect on the heteromeric assembly of the GluR1/GluR2 AMPA receptor. Similar results were obtained for coimmunoprecipitation of GluR1CS mutant (C585S and C811S) with GluR2 wild-type ( Figure  3B) . Furthermore, to test the functional consequences of cysteine mutants in either the pore or tail region of GluR1 and GluR2, we measured the current-voltage (I-V) relationship of GluR1/GluR2 heteromers. GluR1 homomeric channels exhibited a characteristic inward reactivation when expressed in HEK 293T cells ( Figure  3C ), similar to findings in other published reports (Verdoorn et al., 1991). However, a linear I-V relationship was observed in cells expressing both GluR1 and GluR2, indicating assembly of functional GluR1/GluR2 heteromeric channels ( Figure 3C ). We also observed linear I-V relationships from cells expressing both GluR1C585S/GluR2C610S and GluR1C811S/GluR2C836S ( Figure 3C DHHS mutant had no effect ( Figure 4B ). To examine whether the GluR2 TMD 2 (GluR2C610) palmitoylation site mediated this effect, we coexpressed GODZ with the GluR2C610S mutant. Interestingly, when expressed alone, the GluR2C610S mutant showed slightly increased surface expression in HEK 293T cells, compared with GluR2 wild-type ( Figure 4C ). Similar results were observed in the surface expression of GluR1 and GluR1C585S ( Figure 4D ). GluR1C585S showed greater surface expression than GluR1 wild-type in HEK 293T cells. Moreover, the surface expression of GluR2C610S ( Figure 4E ) and GluR1C585S ( Figure 4F ) was not influenced by coexpression with GODZ or the GODZ DHHS mutant. To examine whether this regulation also occurred in neurons, we analyzed whether GODZ suppressed the surface expression of endogenous AMPA receptors in low-density cortical cultured neurons (Figure 4G ). Cortical cultured neurons were transfected with GODZ-GFP or GODZ(DHHS)-GFP, and the surface expression of endogenous GluR1 was measured by live staining with polyclonal anti-GluR1 N-terminal antibodies, followed by labeling with Cy3-conjugated anti-rabbit IgG antibodies. While the GODZ DHHS mutant had no effect on GluR1 surface expression, GODZ wild-type dramatically reduced GluR1 surface expression. This data suggests that GODZ-induced palmitoylation of the 
Accumulation of the TMD 2-Palmitoylated AMPA Receptor in the Golgi Apparatus
To analyze this in more detail, we next examined the effect of GODZ on GluR2 subcellular expression using immunocytochemical techniques. We first examined the colocalization of myc-tagged GODZ and myctagged GODZ DHHS with a Golgi apparatus marker, GM-130 ( Figure 5A ). Both GODZ and GODZ DHHS colocalized with GM-130 and were concentrated in the Golgi apparatus in transfected HEK 293T cells. Cotransfection experiments using GluR2 and GluR2C610S with or without GODZ and GODZ DHHS mutant showed that GluR2 was concentrated in the Golgi apparatus only when it was coexpressed with wild-type GODZ, while GluR2 alone, GluR2 with GODZ DHHS mutant, and GluR2C610S with or without GODZ, had a more diffuse expression pattern ( Figure 5B ). The majority of GluR2 was colocalized with GODZ, when it was coexpressed with wild-type GODZ, but not with the GODZ DHHS mutant ( Figure 5C, top) . In contrast, the GluR2C610S mutant did not colocalize with GODZ (Figure 5C, bottom) . These data demonstrate that palmitoylation of the AMPA receptor subunits on their TMD 2 accumulates the receptor in the Golgi apparatus and suggest that depalmitoylation may be a trigger for receptor trafficking to the cell surface.
Normal Localization of the C-Terminal Palmitoylated AMPA Receptor on the Cell Surface
To reveal the biological function of AMPA receptor C-terminal palmitoylation, we investigated whether palmitoylation affected the membrane trafficking of the AMPA receptor in HEK 293T cells and neurons. Wildtype and C-terminal CS mutants of GluR2 were transfected into HEK 293T cells in the absence of GODZ. Compared with GluR2WT, GluR2C836S showed equal surface expression ( Figure 6A ). This result suggests that the steady-state cell surface expression is not influenced by receptor C-terminal palmitoylation. We then examined the surface expression of N-terminal GFP-tagged GluR1 and GluR2 (GFP-GluR1WT and GFP-GluR2WT) and their palmitoylation-deficient mutants (GFP-GluR1C811S and GFP-GluR2C836S) in neurons. These constructs were transfected into cortical cultured neurons by the calcium phosphate method and examined 5 to 7 days after transfection (Hayashi and Huganir, 2004) . First, GFP clustering along the dendrites was measured to determine the steady-state expression pattern. The results showed that there was no significant difference in the numbers of GFP clusters along the dendrites between wild-types and C-terminal CS mutants ( Figure 6B ). Then, surface GFP-GluR1 and GFP-GluR2 subunits were live stained with polyclonal anti-GFP antibodies, followed by addition of Cy3-conjugated anti-rabbit IgG secondary antibodies to visualize surface expression. The ratio of Cy3-red to GFPgreen fluorescence intensities indicated the proportion of surface to total GFP. Mutation of the C-terminal palmitoylation site in both GFP-GluR1 and GFP-GluR2 did not alter the surface expression ratio ( Figure 6C ). These results suggest that steady-state surface expression of the AMPA receptor is not influenced by direct receptor C-terminal palmitoylation in neurons. stimulation, the cortical neurons were fixed, and the remaining surface anti-GFP antibodies were blocked by incubation with goat anti-rabbit IgG F(ab')2 fragments. The fixed neurons were then permeabilized, and the internalized anti-GFP antibodies were visualized by staining with Cy3-conjugated goat anti-rabbit IgG antibodies. Representative patterns of internalized GFPGluR1WT and GFP-GluR1C811S receptors ( Figure 7A , left) and GFP-GluR2WT and GFP-GluR2C836S receptors ( Figure 7B, left) are shown. The ratio of the average intensity of internalized anti-GFP antibodies (Cy3-red intensity) to that of total GFP-GluR level (GFP-green intensity) was calculated. The results showed that both AMPA and NMDA stimulation enhanced the internalization of GFP-GluR1/2, whereas the internalization of the mutant GFP-GluR1/2CS subunits was not increased by agonist stimulation (Figures 7A and 7B, right) . Constitutive internalization was not changed between wild-type and palmitoylation-deficient mutant (GFP-GluR1/2WT and GFP-GluR1/2CS controls, respectively). These results show that the AMPA receptor C-terminal palmitoylation regulates stimulation-dependent endocytosis of AMPA receptors. 
ANOVA). (B) Typical patterns of AMPA-or NMDA-induced internalization of GFP-GluR2 (WT) and GFP-GluR2C836S mutant (C836S) in transfected cortical cultured neurons were shown (left). The ratios of fluorescence intensities of internalized anti-GFP antibodies (visualized by Cy3-conjugated anti-rabbit IgG) to total GFP expressions (green fluorescent signal of GFP) were shown (right). AMPA-or NMDA-induced internalization of GFP-GluR2 and GFP-GluR2C836S mutant in transfected cortical cultured neurons (six bars [WT]
: n = 9, n = 10, n = 10, (C836S) n = 10, n = 5, n = 10 respectively, F = 4.81, p < 0.01, ANOVA). *p < 0.05, **p < 0.01, ANOVA, compared with control. Error bars indicate the mean ± SEM. and thus cannot crosslink GluR1 to the spectrin/actin cytoskeleton (Shen et al., 2000) . Surface-expressing GFP was live stained with polyclonal anti-GFP antibodies, followed by labeling with Cy3-conjugated anti-rabbit IgG antibodies to visualize surface expression. As shown in Figure 6C , the ratio of Cy3-red to GFP-green fluorescence intensity indicated the proportion of the transfected receptor present on the cell surface. Coexpression of 4.1N CTD suppressed the surface expression of the GluR1C811S mutant, but had no influence on GluR1 wild-type, suggesting that dominant negative 4.1N CTD interrupted the surface expression of nonpalmitoylated GluR1, but not palmitoylated GluR1, and that this surface expression likely required the 4.1N with spectrin/actin. Figure 9A) . Palmitoylation of the NMDA receptor subunit NR1 was not observed in the same condition. Because of the sequence similarity around the palmitoylation sites of all four AMPA receptor subunits GluR1-GluR4, we focused on endogenous GluR1 and GluR2 palmitoylation as representative of these receptor subunits. Recent studies showed that PSD-95 was depalmitoylated when the hippocampal neurons were stimulated by 10 M glu- show that the AMPA receptor subunits were palmitoylated both in cortical neurons and transfected HEK 293T cells by endogenous PATs. Stimulation of the cortical cultured neurons with glutamate (10 M, 1 hr at 37°C) induced depalmitoylation of the AMPA receptor, suggesting that glutamate receptor activation regulates PTE and/or inhibits PAT activity.
Mammalian PATs have only recently been identified (Fukata et al., 2004; Huang et al., 2004) . In this paper, we demonstrate that the PAT GODZ increases the palmitoylation of the AMPA receptor subunits on their TMD 2 site. Although it is likely that GODZ directly palmitoylates the TMD 2 site, we cannot rule out the possibility that other PATs may also palmitoylate this site. Which PAT palmitoylates the C-terminal site, however, is unclear and its identification will require a systematic analysis involving palmitoylation of this site by the other mammalian PATs. GODZ is localized in the Golgi apparatus, and palmitoylation of AMPA receptors on the TMD 2 site promotes the accumulation of the receptor in the Golgi apparatus ( Figure 10A ). Interestingly, TMD 2 encodes the channel region of AMPA receptors and the palmitoylation site occurs three amino acids away from the Q/R editing site that plays a critical role in the regulation of the calcium permeability and rectification properties of AMPA receptors (Hollmann and Heinemann, 1994) . Moreover, editing of the Q/R site has been shown to regulate the exit of the GluR2 subunit from the ER (Greger et al., 2003) . As palmitoylation of this site occurs in the Golgi apparatus after assembly of the subunits into a tetramer in the ER, this modification adds another potential layer of regulation in the trafficking of the receptor to the cell's surface. The detailed molecular mechanism for receptor trapping by palmitoylation of the TMD 2 site is not clear, but depalmitoylation of this cysteine may be critical for release of the receptor from the Golgi apparatus for surface delivery.
In contrast to palmitoylation of the TMD 2 site, palmitoylation of the C-terminal site had no effect on the steady-state surface expression of the AMPA receptor subunits. However, palmitoylation of this site regulates agonist-induced internalization of the receptor by AMPA and NMDA. The C-terminal cysteine is located in a region that we and others have previously found to be important for binding to the 4.1N protein (Coleman  et al., 2003; Shen et al., 2000) . Binding of GluR1 to 4.1N regulates its surface expression, suggesting that 4.1N Figure  10C ). In addition, we found that palmitoylation of the TMD 2 site has a profound effect on the delivery of the receptor to the surface from the Golgi. Thus, palmitoylation of AMPA receptor-interacting molecules and AMPA receptors themselves play distinct roles in the regulation of the membrane trafficking of AMPA receptors.
Experimental Procedures
Primary Neuron Culture, HEK 293T Cells, and Transfection High-and low-density cortical cultured neurons were prepared as previously described (Hayashi and Huganir, 2004) Electrophysiological Analysis HEK 293T cells were transfected with pRK5-GluR1 and pGFP-S65T (at 2:1 ratio), pRK5-GluR1, pRK5-GluR2, and pGFP-S65T (at 1:1:1 ratio), pRK5-GluR1C585S, pRK5-GluR2C610S, and pGFP-S65T (at 1:1:1 ratio), or pRK5-GluR1C811S, pRK5-GluR2C836S, and pGFP-S65T (at 1:1:1 ratio) by the calcium phosphate method at 6 g of DNA per 10 cm plate. At w24 hr after transfection, the cells were detached from the plates with PBS containing 5 mM EDTA and were replaced on coverslips coated with 1 mg/ml poly-L-lysine. Recordings were performed at room temperature (22-25°C) on single, isolated GFP-positive cells at w48 hr after transfection. The composition of extracellular saline (ES) was: 150 mM NaCl, 3.1 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES. The osmolarity of ES was adjusted to 300 mOsm and the pH was 7.3-7.4. Intracellular saline (IS) consisted of: 135 mM Cs-MeSO 4 , 10 mM CsCl, 10 mM HEPES, 5 mM EGTA, 2 mM MgCl 2 , 4 mM Na-ATP, 0.1 mM Na-GTP, and 0.1 mM spermine. This saline was adjusted to 295 mOsm and a pH of 7.2. Once achieving the whole-cell recording configuration, HEK 293T cells were voltage-clamped at −70 mV for 2 min. Voltage was then ramped to +40 mV at 55 mV*s −1 in the presence and absence of AMPA (1-100 M) and cyclothiazide (100 M). Subtraction of the two traces resulted in the current-voltage relationship of the various AMPA receptor subunit combinations.
Biotinylation Assay
For surface biotinylation, transfected HEK 293T cells were cooled on ice, washed twice with ice-cold PBS containing 1mM CaCl 2 and 5 mM MgCl 2 , and then incubated with PBS containing 1mM CaCl 2 , 5 mM MgCl 2, and 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce) for 20 min at 4°C. Unreacted biotinylation reagent was removed by washing cells three times with ice-cold TBS (50 mM Tris-HCl [pH, 7.5] and 150 mM NaCl). Cultures were harvested in RIPA buffer. Homogenates were centrifuged at 15,000 × g for 20 min at 4°C. The resulting supernatant was incubated with NeutrAvidin beads (Pierce) for 3 hr at 4°C. Precipitates were analyzed by immunoblotting with each antibody.
Immunocytochemical Experiments
Anti-GFP antibodies (JH4030) were raised against a GFP-fusion protein. GFP-GluR cluster numbers were automatically counted and analyzed with Metamorph software (Universal Imaging Corporation, West Chester, PA) after setting a threshold of fluorescent intensity that was slightly higher than that in the dendritic shaft. The number of clusters was normalized to the dendritic length after all dendritic branches in an image were manually traced and measured. The upper threshold limit for this selection was used to exclude the cell body and proximal dendritic shafts, which have much larger area than spines do.
Internalized GFP-GluR was selectively visualized as follows. Surface GFP-GluR was labeled by incubating live neurons for 20 min at 10°C with anti-GFP antibodies. Following washout of the excess antibodies, neurons were treated with 100 M AMPA or 50 M NMDA at 37°C. After the stimulation, neurons were washed twice with PBS containing 4% sucrose and then fixed with 4% paraformaldehyde and 4% sucrose in PBS (room temperature, 20 min). The remaining surface anti-GFP antibodies were blocked with goat anti-rabbit IgG F(ab')2 fragments (Jackson Immunoresearch Lab). Fixed neurons were permeabilized with PBS containing 0.2% Triton X-100 (4°C, 15 min). Coverslips were blocked in 10% normal donkey serum in PBS at 4°C overnight, and then internalized GFP-GluR was visualized by staining with Cy3-conjugated anti-rabbit IgG (Jackson Immunoresearch Lab.) diluted in 10% normal donkey serum in PBS as the secondary antibodies. Fluorescence images were acquired using a Photometrics CCD camera and quantified with Metamorph. The fluorescence intensity averages of Cy3-red and GFP-green signals in dendritic regions in the indicated numbers of different neurons were measured. Red fluorescence intensity indicative of internalization was divided by green fluorescence intensity to control for the GFP-GluR protein expression level. Units of internalization were measured as a ratio of red/green fluorescence normalized to untreated controls. Surface expression of endogenous GluR1 was measured by live staining with anti-GluR1 N-terminal antibodies (JH1816), followed by labeling with Cy3-conjugated anti-rabbit IgG.
Transfected HEK 293T cells on coverslips were washed twice with PBS containing 4% sucrose at 24 hr after transfection and then fixed with 4% paraformaldehyde and 4% sucrose in PBS (room temperature, 20 min). Fixed cells were permeabilized with PBS containing 0.2% Triton X-100 (4°C, 15 min). Coverslips were blocked in 10% normal donkey serum in PBS at 4°C overnight, and then visualized using anti-GluR2/3 (JH1707), anti-Myc (9E10), and anti-GM130 (Pharmingen) antibodies. 
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